Abstract-Accelerated potential-induced degradation (PID) testing of photovoltaic modules is conventionally conducted in the dark and at high temperature and humidity levels without considering the influence of illumination. This study investigates the impact of illumination on the polarization-type PID (PID-p) on two different types of encapsulated (glass/backsheet) crystalline silicon solar cells: 1) n-type bifacial passivated emitter rear totally diffused (the front side is facing glass and PID-stressed); and 2) p-type bifacial passivated emitter and rear cell (the rear side is facing glass and PID-stressed). The samples are stressed under the conditions of −1000 V, 40°C, and 40% relative humidity and at different irradiance levels (xenon lamps). While the type-A modules show no reduction in PID-p sensitivity under illumination up to 800 W/m 2 , PID-p in the type-B modules is arrested by the light at an irradiance level as low as 10 W/m 2 . Furthermore, PID-degraded type-B modules (degradation induced in the dark) exhibit a rapid recovery (full recovery in 20 min) upon exposure to light (40 W/m 2 ). External quantum efficiency measurements on the type-B modules show that ultraviolet from 300 to 400 nm is mainly responsible for the fast recovery.
Investigation of the Impact of Illumination on the Polarization-Type Potential-Induced Degradation of Crystalline Silicon Photovoltaic Modules I. INTRODUCTION P OTENTIAL-INDUCED degradation (PID) in photovoltaic (PV) modules has been known for many years [1] . Since Swanson et al. reported significant performance loss to SunPower's n-type monocrystalline silicon interdigitated backcontact (IBC) solar cells/modules in the field due to high-voltage stresses [2] , extensive research has been devoted to investigating the underlying mechanisms and sensitivity of PID in various types of silicon PV modules [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . In general, two types of PID effects leading to power loss have been identified in silicon wafer-based solar cells/modules: 1) the shunting type (PID-s) [4] ; and 2) the polarization type (PID-p) [2] , [5] . PID-s, often seen in the n + -p junction when the device is under negative bias, mainly impacts the fill factor (FF) of the solar cells/modules, while the short-circuit current (I sc ) and the open-circuit voltage (V oc ) are relatively less influenced [1] , [4] . PID-s is shown to be caused by sodium (Na) migration into stacking faults across the n + -p junction, which creates shunting paths and hence a pronounced FF loss [4] . PID-p has been reported for many solar cell structures, such as SunPower's IBC cells (n + -n) [2] , [4] , n-type IBC cells with a floating emitter (p + -n) [14] , and n-type passivated emitter rear totally diffused (PERT) cells (p + -n) [9] , causing significant losses in I sc and V oc ; FF of full-size modules can also be affected due to cell mismatching [2] . PID-p is associated with the degradation of the surface passivation due to charge accumulation in the antireflection (AR) or passivation layers, leading to the attraction of minority carriers to the surface and resulting in an increase in surface recombination velocity [1] [2] [3] .
The PID sensitivity of silicon PV modules was mostly investigated or tested by a combination of voltage, temperature, and humidity stresses, whereas the impact of illumination were usually not considered. However, SunPower previously discussed how ultraviolet (UV) light could alleviate the PID-p effects, although detailed results were not presented [15] . Later, Hacke et al. showed that UV illumination (315-400 nm, 5 W/m 2 ) arrests or slows the PID-s and PID-p degradation in three module designs [16] . Therefore, neglecting the influence of illumination on PID might lead to misrepresentation of PV modules' PID sensitivity in the field. Also, illumination is not considered in several proposed models for predicting PID rates in the field, developed by chamber PID testing at various conditions (e.g., different temperatures and/or humidity levels) [17] [18] [19] .
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See http://www.ieee.org/publications standards/publications/rights/index.html for more information. This could result in a significant discrepancy between the predicted and actual degradation when the indoor tests done in the dark are projected to the PID rate in the field.
In the present study, we conduct a detailed experiment to investigate the potential impact of illumination on PID-p in two different types of silicon PV modules. The information is important for the development of a PID test standard (i.e., IEC 62804) and the prediction of the operational lifetime from fielded silicon PV modules.
II. EXPERIMENTAL DESIGN

A. Sample Preparation
Two types of modules are fabricated using two different types of commercial monocrystalline silicon solar cells, n-PERT and p-type bifacial passivated emitter and rear cell (p-PERC+), which are shown in Fig. 1 . Note that although the solar cells are bifacial, monofacial modules are fabricated with a glass/backsheet construction. The focus is on the front of n-PERT (p + -n) [9] and the rear side of p-PERC+ (passivated p-base) solar cells [20] , which have been reported previously to be susceptible to PID-p. The key difference between these cell designs vis-a-vis the PID tests is that the front emitter of the n-PERT is heavily doped (typically in the range from 2 × 10 19 to 1 × 10 20 cm −3 [21] [22] [23] ), whereas the rear of the p-PERC+ is undoped (except for base doping).
The solar cells are laser scribed into a size of about 3 in by 1.5 in, as the light source's beam size is 4 in by 4 in (see Fig. 2 ). The solar glass is of the low-iron type (4 in by 2 in); the ethylenevinyl acetate copolymer (EVA) films have a volume resistivity in the range of 10 15 Ω · cm, according to the manufacturer's specification sheet; and the polymeric backsheet is of the polyvinyl fluoride/polyester (PET)/EVA type. All samples are fabricated with the same packaging materials and lamination process.
When stressed under illumination, the samples are heated, and hence have a higher temperature than the chamber ambient, which in turn leads to a lower module surface humidity. To maintain a consistent surface resistivity at different irradiance levels, a layer of electrically conductive gel with high viscosity (Ultra Phonic Conductivity Gel NDC 36-1000-25, an aqueous coupling agent typically used for ultrasonic and electromedical procedures) is applied onto the module front surface. Aluminum (Al) tapes are taped along the perimeter of the solar cells to hold the gel in place, which is also covered by a transparent PET film to prevent the gel from drying out. The transmittance of the PET/gel/glass stack is shown in Fig. 3 . Wavelengths below 315 nm are almost completely absorbed by the stack, while the transmittance of the light above 325 nm is more than 50%. The EVA films, with manufacturer-specified UV cutoff at 305 nm, do not further mitigate UV transmission significantly [24] . UV reaches the solar cells as representative of commercial silicon PV modules.
B. Test Setup and Characterization
To investigate the impact of illumination on the silicon PV modules' PID-p sensitivity, a solar simulator using a xenon lamp is placed inside a walk-in climate chamber (see Fig. 2 ). The chamber's relative humidity (RH) is set at 40%, whereas the chamber's temperature is adjusted accordingly to maintain the modules at 40°C, as the samples are heated differently under different irradiance levels. A negative 1000 V is applied to the shorted module leads, while the samples are grounded at the Al tape on the front glass with crocodile clips. The samples are stressed for 24 h. After PID testing, the conditions of the gel layer are checked to ensure that the change is minimal over the course of the experiments.
I-V characteristics at standard testing conditions (STC, i.e., an irradiance of 1000 W/m 2 with AM1.5G solar spectrum and a cell temperature of 25°C) before and after PID testing are measured to determine the performance loss. In situ light I-V measurements are also conducted to semicontinuously monitor PID-p progression. For the in situ measurements, the sample temperature is 40°C and the irradiance is not adjusted to 1000 W/m 2 , meaning if the modules are stressed under 250 W/m 2 , the in situ I-V curves are captured at 250 W/m 2 . No correction procedure is applied to translate the values to the reference conditions. Furthermore, the external quantum efficiency (EQE) response for wavelengths ranging from 300 to 1200 nm is also measured to investigate the specific spectrum that is responsible for the change in the PV modules' PID-p sensitivity. All measurements are done without the PET and gel layers on the front glass surface, except for in situ light I-V measurements. Fig. 4 shows the loss in STC maximum power (P max ), I sc , V oc , and FF for type-A modules after 24-h PID testing at Fig. 5 . In situ monitoring of V oc of type-A modules during PID testing. Two samples were tested at each irradiance level. V oc is shown here as it has less noise than I sc and P max . V oc is not corrected to STC, as the purpose is to show the trend of the PID-p progression (same for Fig. 7 ). different irradiance levels. The P max degradation (∼12% on average) was driven by losses in I sc and V oc , whereas FF was almost unchanged. More importantly, it can be concluded from Fig. 4 that type-A modules exhibited no change in PID-p sensitivity due to illumination. The modules degraded similarly at three different illumination conditions: in the dark, at 250 W/m 2 , and at 800 W/m 2 . The samples stressed under 800 W/m 2 illumination showed slightly less degradation in power than those stressed in the dark, which can be ascribed to the difference in PID-p resistance from sample to sample. This is also verified by the in situ I-V measurements, as shown in Fig. 5 . The degradation rates of the samples stressed under 250 and 800 W/m 2 were almost the same, and all modules reached the maximum degradation after approximately 5 h. Fig. 6 summarizes the loss in STC P max , I sc , V oc , and FF for type-B modules after 24-h PID testing at different irradiance levels. After 24-h PID testing in the dark, more than 40% loss in STC P max was seen from the two samples, mainly because of the I sc degradation. In contrast, a negligible degradation was observed for all samples stressed under illumination. An irradiance as low as 10 W/m 2 could arrest PID-p in type-B modules, which indicates that the rear side of p-PERC+ silicon solar cells should suffer minimal or even no PID-p under outdoor condi- Fig. 7 . In situ monitoring of V oc of two type-B modules during PID testing; the irradiance was 40 W/m 2 . V oc is shown here as it has less noise than I sc and P max . V oc is not corrected to STC, as the purpose is to show the trend of the PID-p recovery. The PID-degraded modules are the same samples shown in Fig. 6 , where power losese were induced in the dark. tions. In addition, Fig. 7 shows the in situ monitoring of two already PID-degraded type-B samples (degradation induced in the dark) further stressed under light (40 W/m 2 ). A full recovery was seen after approximately 20 min; under such a condition, the rate of recovery exceeded the rate of degradation, leading to power regeneration.
III. EXPERIMENTAL RESULTS
A. Type-A Modules
B. Type-B Modules
The rapid recovery was also evident from the EQE measurements. Fig. 8 shows the EQE responses from the same spot in three consecutive measurements, where an increase in the EQE response for wavelengths from 300 to 1000 nm can clearly be seen after each scan. More specifically, Fig. 9 shows that lightinduced recovery is mainly driven by UV from 300 to 400 nm. Also, visible wavelengths between 400 and 600 nm contribute to the recovery of PID-p in type-B modules to a lesser extent. On the other hand, no noticeable recovery was observed when the sample was illuminated by light between 600 and 1200 nm. The results imply that the absorption of high-energy photons might generate mobile carriers that could neutralize the charges introduced to the AR/passivation stack by PID-p.
IV. DISCUSSION
A significant difference in PID-p sensitivity to illumination was observed from two different types of silicon PV modules, which may be due to several factors. One hypothesis is that the nature and source of the charges leading to the polarization effect might be different for the two types of samples. Positive ions such as Na + originating from the front glass could have migrated into the AR/passivation stack under negative biasing and cause surface polarization [4] , [9] . On the other hand, Yamaguchi et al. reported a different source of positive charges [25] . They observed a rapid PID-p in the front side of n-PERT PV modules within 10 s under the conditions of -1000 V, 85°C, and ∼2% RH, which they reported as unlikely to be caused by charges from the glass as they require more time to drift into the AR/passivation layers [25] . Therefore, a K center model was proposed, in which positive charges originate from positively charged K centers formed by extracting electrons from the K centers in the silicon nitride (SiN x ) layer [25] . Another possibility for the difference in PID-p sensitivity to light might be related to the passivation and/or AR layers. The front surface passivation of the investigated n-PERT solar cells (i.e., SiO 2 ) is different from the rear surface passivation of the p-PERC+ solar cells (i.e., AlO x ). Besides, the chemical composition and properties of the AR layer are likely to be different for different manufacturers. Ay and Tolunay showed that the steady-state photoconductivity of hydrogenated amorphous SiN x films with various nitrogen concentrations at 300 K changes differently with the light intensity [26] . Future research on understanding the root cause for the high PID-p sensitivity to UV from the type-B samples (i.e., the rear side of p-PERC+ solar cells) is much needed, as it potentially provides an effective cell-level solution for other types of silicon PV devices suffering from PID-p, such as n-PERT and IBC solar cells.
Furthermore, a combined stress testing (including light, voltage, temperature, and humidity) should be considered in the future versions of IEC 62804. As shown in Fig. 6 , the type-B samples (i.e., the rear side of the p-PERC+ solar cells) show high PID-p sensitivity from the conventional chamber test in the dark. However, they are unlikely to suffer any PID-p in the field, as the natural light can recover the damage resulting from PID-p rapidly or prevent it from happening in the first place for two reasons: 1) only a small amount of illumination is required for recovery, as shown in Fig. 7; and 2 ) the albedo contains visible lights (between 400 and 600 nm), or even some UV, as reported in [27] . Nonetheless, the encapsulation spectral transitivity, the installation height, and tilt angle for bifacial PERC+ modules (double-glass design) need to be designed carefully so that sufficient light reaches the rear side (i.e., passivated p-base) to constrain the evolution of PID-p in the field.
Finally, it is also necessary to incorporate the recovery process into the PID rate prediction model, which our study suggests would occur in the middle of the day when the module surface is illuminated (see Fig. 7 ), or with heat [28] . Fig. 9 . Three consecutive EQE measurements on a PID-degraded type B sample. The measurements were repeated for 300-400, 400-600, 600-800, and 800-1200 nm.
V. CONCLUSION
We investigated the PID-p sensitivity to illumination in two different types of encapsulated (glass/backsheet) crystalline silicon solar cells: 1) n-type bifacial PERT (the front side is facing glass and PID-stressed); and 2) p-type bifacial passivated emitter and rear cell (the rear side is facing glass and PID-stressed), by stressing the samples at different irradiance levels. Type-A modules exhibited no reduction in PID-p sensitivity under illumination up to 800 W/m 2 , whereas PID-p in the type-B modules was shown to be arrested by the light at an irradiance level as low as 10 W/m 2 . Furthermore, PID-degraded type-B modules (degradation induced in the dark) showed a rapid recovery (full recovery in 20 min) upon exposure to light (40 W/m 2 ); under such a condition, the rate of recovery exceeded the rate of degradation, leading to the power regeneration. EQE measurements on the PID-degraded type-B modules demonstrated that UV from 300 to 400 nm is mainly responsible for the fast recovery. Visible wavelengths from 400 to 600 nm also have some contribution to the recovery process but to a lesser extent. The results emphasize the importance of including illumination as a factor for future IEC 62804 standard developments, as well as for establishing a robust model for PID rate predictions in the field. Furthermore, research on understanding the root cause for the high PID-p sensitivity to UV from the type-B samples (i.e., the rear side of p-PERC+ solar cells) is much needed, as it potentially provides an effective cell-level solution for other types of silicon PV devices suffering from PID-p, such as n-PERT and IBC solar cells.
